C ardiopulmonary resuscitation (CPR) has much improved over the past decade because of the early applications of basic cardiac life support and the automated external defibrillator. Nevertheless, the outcome of in-hospital CPR is quite varied and major studies have reported a survival-to-discharge of 10% to 20% (1) (2) (3) (4) . The probability of survival drops rapidly if CPR lasts longer than 10 mins (5-7), and even more if it lasts longer than 30 mins (8, 9) . A large series of adult in-hospital CPR patients with only 18% survival had a median CPR duration of 18 mins in all patients combined, which was even shorter in survivors (9) . This reflects the fact that most CPR patients can only tolerate a short period of CPR. Because prolonged CPR has such a poor result, several mechanical devices and techniques have been developed to improve outcome (10) . Clinical investigation of the use of these adjunctive devices in CPR has demonstrated an improved hemodynamic effect and increased frequency of return of spontaneous circulation, but with no, or only minimal, improvement in survival (10 -12) .
The potential of extracorporeal membrane oxygenation (ECMO) as a resuscitative tool was suggested as early as 1966 (13) , but few clinical investigations focused on its use at that time because of its complexity. Emergency extracorporeal circulation data collected from multiple institutions in the early 1990s revealed improved survival in patients who received ECMO for cardiac arrest or shock (14, 15) . However, there is no adequate information on how long the victim can tolerate CPR with an acceptable outcome when ECMO is available as an adjunctive device.
We performed this observational cohort study of the use of ECMO in prolonged adult in-hospital CPR (ECPR) in a tertiary medical center, and analyzed the results and estimated how long CPR can be extended with acceptable results in the setting of mechanical assisted circulation.
PATIENTS AND METHODS
This study was approved by our institutional review board. We reviewed our ECMO database which was established in 1994. The database were collected consecutively and reviewed for ECMO quality assurance. Adult patients (aged Ն18 yrs) experiencing CPR of Ͼ10 mins and receiving ECMO were recruited. A CPR event was defined as the documented loss of a pulse and respiration with the patient receiving multiple doses of epinephrine injection and/or undergoing chest compression with or without defibrillation. Monitored status was defined as being placed on monitoring systems for electrocardiography, blood pressure, or pulse oximetry during CPR (16) . CPR duration was defined as the interval between initiation of CPR and initiation of ECMO. The first 57 cases had been presented previously (17) .
Exclusion Criteria of ECPR. Because ECPR is an aggressive intervention requiring considerable resources and of uncertain effect, we defined some absolute contraindications to avoid initiating inappropriate ECPR, including CPR with traumatic origin unless bleeding was under control, previous severe brain damage, terminal status of malignancy, and an age Ͼ75 yrs. From 2001, the age criterion was extended to 80 yrs because of the increased number of older patients and the satisfactory survival rate of the initial ECPR patients (17) .
Patients experiencing shock necessitating ECMO in an elective condition or emergency situation without cardiac massage or multiple boluses of epinephrine injection were excluded. Patients with a CPR duration Ͻ10 mins were excluded because they did not fit the criterion of "prolonged" CPR. Patients with postcardiotomy shock requiring ECMO because they could not be weaned from cardiopulmonary bypass were also excluded, as were patients who had signed a "Do Not Resuscitate" consent.
Organization of ECMO. The equipment and management had been previously described elsewhere (17) . The ECMO equipment consisted of the circuit, a centrifugal pump, and a hollow-fiber oxygenator (Medtronic, Anaheim, CA), all of which had heparin-bound surface. The circuit was primed with normal saline containing 2 units/mL of heparin, which took Ͻ5 mins. To simplify the system, we did not use a bridge tube between the arterial and venous circuits.
A wheeled ECMO cart equipped with various sizes of cannulas, surgical suits, gloves and drapes, and various surgical instruments for vascular exposure was constructed for the ECPR team and could be rapidly transported to the CPR site to supply all the equipment for ECMO setup. The ECMO cart cost 200 US dollars to build and supplies were replenished from the operation theater.
Team Members. Two teams were involved in ECPR, the resuscitation team and the ECMO team. The resuscitation team consisted of duty physicians and nurses responding to in-hospital CPR. The ECMO team consisted of cardiovascular surgeons and ECMO technicians. Duty cardiovascular surgical residents were in the hospital at all times. The technicians were on duty in the hospital day and evening and on call at night. Because the ECMO team did not attend every arrest event, the decision to call for ECPR was dependent on the primary physicians in charge of CPR. In general, the call was initiated after a trial of CPR for 10 to 20 mins without return of spontaneous circulation.
Brief discussions between the two teams were held to preclude absolute contraindications. Oral permission was obtained from the families and the documents, including the formal informed consent for ECPR, further interventions, and data collection, were signed later.
Cannulation. The femoral vessels were preferred for vascular access and were usually cannulated by the modified Seldinger technique under direct vision by surgical exposure. The percutaneous technique was used only on patients in the catheterization laboratory, whereas transthoracic cannulation was used on patients with open massage or in whom peripheral cannulation had failed. Intravenous heparin, 100 units/kg, was given immediately before cannulation. In general, it took 10 to 30 mins to set up the ECMO equipment once it had been decided to carry out ECPR.
Management. For the potential problem of distal limb ischemia, we applied a previously reported salvage method using a distal perfusion catheter (18) . Systemic anticoagulation was maintained with continuous heparin infusion to keep the activated clotting time between 180 and 220 sec. The patients were kept at normothermia. We did not apply a hypothermia strategy in the present ECPR study.
The possible etiologies leading to CPR were investigated as soon as possible. Diagnosis of, and treatment for, the underlying etiology were performed within 24 hrs. In general, the level of consciousness of the patient was the main decisive factor for further therapies; however, temporary dilated and unresponsive pupils immediately after ECPR was not an indication for withdrawing support or with- Figure 1 . Cohort for the ECPR study. ARDS, acute respiratory distress syndrome; CPR, cardiopulmonary resuscitation; ECPR, ECMO for CPR; ECMO, extracorporeal membrane oxygenation.
holding further treatment, as this could be due to a temporary effect of epinephrine.
Daily echocardiography was essential to estimate myocardial recoverability. Weaning from ECMO was usually tried 72 hrs after ECMO setup. When the patients had stable hemodynamics on dopamine and dobutamine Ͻ10 g/kg/min, a central venous pressure Ͻ12 mm Hg, and a left ventricular ejection fraction Ͼ40% by echocardiography, ECMO weaning was attempted by decreasing the ECMO blood flow to 0.5 L/min and the patient was observed for at least 10 mins. If the hemodynamics were not maintained during weaning, weaning was discontinued and attempted the following day. A ventricular assist device or heart transplantation was considered in the absence of contraindications if weaning was unsuccessful within 5 to 7 days. The level of consciousness was reexamined every 12 hrs before making further decisions.
Data Collection. The data were collected following Utstein style guidelines on inhospital CPR (16, 17) . The Sequential Organ Failure Assessment (SOFA) score (19) and the Logistic Organ Dysfunction Score (LODS) (20) were used to measure the severity of organ dysfunction. The efficacy and specificity of the scoring systems for critical patients had been validated (20, 21) .
Because the ECPR patients were supported by mechanical circulation, return of spontaneous circulation, which is traditionally defined as one of the CPR end points, was not a meaningful end point in this cohort. Instead, we used return of spontaneous heart beating. Weaning was defined as successful separation from ECMO support without mortality for at least 12 hrs. Survival-to-discharge was defined as successful weaning from ECMO followed by discharge from the hospital, and was regarded as the major end point. The functional status of survivors in follow-up was recorded using the Pittsburgh cerebral performance category score (22) .
Statistical Analysis. The data are shown as the mean Ϯ SD and the median value is given if necessary. Categorical variables were compared using Fisher's exact test. Continuous variables were compared using the Mann-Whitney U test. Univariate and multivariate analysis were performed to identify risk factors for mortality. A multiple logistic regression model was used to identify predictors of survival in the ECPR cohort. The odds ratio (OR) and 95% confidence interval (CI) are reported for each variable. The probability of survival-to-discharge inferred by logistic regression was plotted against CPR duration. Stata 8.0 (Stata Corp., College Station, TX) was used for the statistical analyses.
RESULTS
Demographic Data. From December 1994 to July 2005, 529 adult patients received ECMO support at our institute, and 135 who had undergone in-hospital ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; Cath lab, catheterization laboratory; CMP, cardiomyopathy; CPC, cerebral performance category; CPR, cardiopulmonary resuscitation; CVA, cerebral vascular accident; DM, diabetes mellitus; ECMO, extracorporeal membrane oxygenation; ECPR, ECMO for CPR; ECLS, extracorporeal life support; ER, emergency room; ESRD, end stage renal disease; HT, hypertension; HTx, heart transplantation; IE, inotropic equivalent; ICU, intensive care unit; LODS, Logistic Organ Dysfunction Score; OT, operative theater; PCI, percutaneous coronary intervention; PE, pulmonary embolism; PEA, pulseless electrical activity; SOFA, Sequential Organ Failure Assessment; VAD, ventricular assist device; VF, ventricular fibrillation; VT, ventricular tachycardia.
CPR and received ECMO during CPR were included in the study (Fig. 1) .
The demographic, intervention, and outcome data for the study patients are shown in Table 1 . Femoral cannulation was performed in the majority of patients (98.5%). One of these had the complication of retroperitoneal hematoma due to vessel perforation and expired soon after initiation of ECMO. Transthoracic cannulation was performed on two patients because of open cardiac massage. Four patients (3.0%) did not show return of spontaneous heart beating despite successful ECMO setup. Seventy-six patients (56.3%) underwent subsequent interventions to treat the underlying etiology; coronary intervention was performed in 59.2% of these patients (Table 1) .
Outcome. Thirty-three of the 79 successfully weaned patients died 870 Ϯ 3021 (median 201) hours later. Forty-six (34.1%) patients survived to hospital discharge after ECPR, but seven subsequently died (mean follow-up for these seven patients: 57.6 Ϯ 36.9 mos, range 8 -143 mos). One patient died of pneumonia 5 months after discharge. Three patients died of cardiac-related events (progressive heart failure or pulmonary hypertension) at 1, 1, and 3 yrs. One patient died of underlying ovarian malignancy 4 yrs after ECPR. Two patients who survived ECPR followed by ventricular assist device and cardiac transplantation died 4 and 8 yrs later due to chronic rejection and posttransplant malignancy, respectively.
The 1-yr and 5-yr survival rates of patients who survived to hospital discharge were 93.5% and 85%, respectively. The majority of survivors (89.1%, n ϭ 41, Table 1 ) were in cerebral performance category status 1 or 2 at hospital discharge. This indicates that neurologic function can be preserved in most ECPR survivors.
Risk Factor Analysis. The weaning rate and survival-to-discharge rate in patients with different underlying etiologies are shown in Table 2 . The univariate analysis for weaning and survival-todischarge, shown in Table 3 , revealed that both CPR duration and an etiology of acute coronary syndrome (ACS) were significantly associated with survival (Table  3 , p Ͻ 0.05). However, after multivariate logistic regression analysis, only CPR duration remained a risk factor related to the survival.
Underlying Etiologies. As shown in Table 2, patients with ACS had a lower sur- In the ACS group, patients with subsequent intervention had a better weaning rate (61.2%) than those without intervention (29.4%) (p ϭ 0.028, OR: 3.8, 95% CI: 1.0 -15.7) and a marginally better survival-to-discharge rate (30.6% survival with intervention vs. 5.9% survival without intervention, p ϭ 0.051, OR: 7.1, 95% CI: 0.9 -315.4). No difference in the survival or weaning rate was seen in the ACS group when comparing different revascularization methods (surgical coronary artery bypass vs. percutaneous coronary intervention) (p ϭ 0.49 for weaning and p ϭ 0.27 for survival). Despite the low survival rate of the ACS group compared with other etiology groups, aggressive intervention for revascularization of the ischemic/infarcted myocardium can still be recommended after ECPR because it provides better survival.
Duration of ECMO.
A statistical difference in ECMO duration was seen between the weaned and nonweaned groups (100.6 Ϯ 76.6 hrs for weaning vs. 77.9 Ϯ 77.8 hrs for nonweaning, p ϭ 0.0076), but there was no effect on survival (105.6 Ϯ 88.4 hrs for survivors vs. 83.7 Ϯ 71.5 hrs for nonsurvivors, p ϭ 0.15).
Organ Dysfunction Parameters. Significant differences in both the SOFA score and LODS in the first 24 hrs were seen between the survival and nonsurvival group and between the weaned and nonweaned group (Table 4) . The survival group and weaned group had significantly lower neurologic and renal subscores in the SOFA score and LODS than the nonsurvival and nonweaned group, respectively. These two significant specific factors resulted in the total SOFA score and LODS also being a predictive parameter.
Duration of CPR. Patients who survived to discharge had a significantly shorter CPR duration than those who did not (43. Table 5 . A logistic regression model was developed to demonstrate the relationship between CPR duration and probability of survival-to-discharge using the equation:
The probability of survival in the ECPR setting was approximately 0.5, 0.3, and 0.1 when CPR was 30, 60, and 90 mins, respectively (Fig. 2) .
CPR duration is an important factor for survival, but CPR duration did not play such an important role in ECMO weaning (Table 5 ). Using a cut-off for CPR duration of 60 mins, the weaning rate was significantly higher in the CPR Ͻ60 mins group (Table 5 , p ϭ 0.01). Despite the fact that successfully weaned patients experienced a shorter CPR duration than those who were not weaned (51.8 Ϯ 23.1 mins in weaned patients vs. 61.1 Ϯ 31.0 mins in nonweaned patients), the difference did not reach statistical significance (p ϭ 0.059).
DISCUSSION
With assisted circulation, CPR duration could be extended to 60 mins with acceptable survival and the incidence of major neurologic deficits was relatively low at hospital discharge. The organ dysfunction scores (SOFA score or LODS) reflected the severity of shock damage in the early stage after ECPR and thus helped to predict the outcome. The availability of an ECMO team equipped with a wheeled ECMO cart allowed a rapid response to a call for ECPR and shortened the CPR duration before ECMO setup.
Recent improvements in results of the use of ECMO in cardiopulmonary insufficiency have encouraged more physicians to apply ECMO for arrested patients (17, (22) (23) (24) (25) . An increasing number of sporadic case reports or series with limited cases have demonstrated long CPR tolerance if ECMO is used in CPR (25) (26) (27) (28) . However, most of these studies were performed on pediatric groups, and none have been carried out on adult in-hospital CPR. No study has tried to delineate CPR duration tolerance in this setting. To our knowledge, the present study is the largest series of ECPR and clearly demon- The total score and the subscore of CNS and renal system consistently revealed difference between weaning and nonweaning or survival and nonsurvival.
CNS, central nervous system; coag, coagulation and hematological system; resp, respiratory. a p Ͻ 0.05. strates tolerance of a long duration of ECPR in adult in-hospital CPR patients. ECMO team equipped with the wheeled ECMO cart allowed rapid response to the call for ECPR, and shortened the required CPR duration before ECMO setup. However, CPR duration continues to be a key factor in conventional CPR (8) and ECPR. Our study clearly revealed that a longer CPR duration resulted in a lower probability of survival, but ECMO allowed a longer CPR duration than expected in conventional CPR apparently because immediate assisted perfusion prevents progressive acidosis, alleviates post-CPR myocardium stunning, and reverses post-CPR organ dysfunction. ECMO can bring some patients "back from irreversibility" (29) . The use of ECMO has changed previous concepts about the time limitation in CPR. Based on the present results, ECMO can extend CPR duration to 90 min with a 0.1 probability of survival (Fig. 2) . However, the quality of the applied CPR has not been investigated in this study, and might impact the outcome (30) .
According to our web-based registry for in-hospital CPR between January 2004 and December 2005 (8), 696 adult patient were recorded. After excluding ECPR patients, patients aged Ͼ75 yrs, and patients with a CPR duration Ͻ10 mins, 243 patients who had received CPR for Ͼ10 mins were recruited as a comparison group (C1, Table 6 ); 168 of these had a cardiopulmonary origin and formed a second comparison group (group C2, Table 6 ). The comparison demonstrated that the ECPR group, despite being older and having a longer duration of CPR, still had a better survival. Although these groups were not ideal for comparison (age and CPR duration differences), this supplementary data provides evidence supporting the use of ECPR.
In the same study period, seven patients with out-of-hospital CPR received ECMO deployment at the emergency service. Only three were able to be weaned off ECMO with a cerebral performance category status of 4, and only one survived to hospital discharge with vegetative status. Based on this experience, we hesitate to recommend ECMO for out-ofhospital CPR because of the uncertain duration of arrest.
The organ dysfunction scores (SOFA score or LODS) were able to predict the outcome in the early stage after the event. Both scores reflected the severity of shock damage in the early stage after ECPR and thus helped to predict the outcome.
Patients with the etiology of ACS had the worst outcome among the subgroups and this might be related to the severity of the coronary lesion and lower reversibility of the ischemic myocardium. Most of our ACS patients had multiple or proximal lesions and prolonged resuscitation might lead to lower reversibility of the ischemic myocardium. However, half were weaned off ECMO, of whom 50% survived. The extremely ill patients in the SHould we emergently revascularize Occluded Coronaries in cardiogenic shocK registry had a 70% mortality (31) , comparable with that in our ACS subgroup, despite being less critical than our ACS subgroup.
Limitation. This is an observational study, not a randomized trial, and might have selection bias. However, we do not think that it is possible to conduct a prospective randomized study for patients undergoing CPR, as it is not ethical to exclude possibly reversible victims from ECMO, especially after prolonged CPR. The quality of CPR was not well controlled in this study and this may influence the outcome (30).
We did not apply a hypothermic strategy in the present ECPR group. Whether a hypothermic strategy in addition to ECMO would improve the outcome may be an attractive topic, and it deserves further investigation.
CONCLUSION
A shorter CPR duration allows a better survival in ECPR. However, ECMO still offers an acceptable survival rate in pa- Figure 2 . Relationship between probability of survival-to-hospital discharge and cardiopulmonary resuscitation (CPR) duration. ECPR, extracorporeal membrance oxygenation for CPR. 
